Abstract According to some compilations, the Laguna Salada, Baja California, earthquake of 23 February 1892 ranks among the largest earthquakes in California and Baja California in historic times. Although surface rupture was not documented at the time of the earthquake, recent geologic investigations have identified and mapped a rupture on the Laguna Salada fault that can be associated with high probability with the 1892 event (Mueller and Rockwell, 1995) . The only intensity-based magnitude estimate for the earthquake, M 7.8, was made by Strand (1980) based on an interpretation of macroseismic effects and a comparison of isoseismal areas with those from instrumentally recorded earthquakes. In this study we reinterpret original accounts of the Laguna Salada earthquake. We assign modified Mercalli intensity (MMI) values in keeping with current practice, focusing on objective descriptions of damage rather than subjective human response and not assigning MMI values to effects that are now known to be poor indicators of shaking level, such as liquefaction and rockfalls. The reinterpreted isoseismal contours and the estimated magnitude are both significantly smaller than those obtained earlier. Using the method of Bakun and Wentworth (1997) we obtain a magnitude estimate of M 7.2 and an optimal epicenter less than 15 km from the center of the mapped Laguna Salada rupture. The isoseismal contours are elongated toward the northwest, which is qualitatively consistent with a directivity effect, assuming that the fault ruptured from southeast to northwest. We suggest that the elongation may also thus reflect wave propagation effects, with more efficient propagation of crustal surface (Lg) waves in the direction of the overall regional tectonic fabric.
Introduction
Southern California and northern Baja California were relatively sparsely populated in the 1890s. Nonetheless, the earthquake of 23 February 1892 was strongly felt and documented in many locations throughout southern California. While surface rupture had been mapped following an 1887 earthquake in northern Sonora, Mexico (DuBois and Smith, 1980) , the remote epicentral region of the 1892 event was apparently never investigated at the time of the earthquake. Based on the distribution of shaking effects, Strand (1980) concluded that the earthquake most likely originated on the Laguna Salada fault, along which very recent scarps had been documented (Barnard, 1968) . Mueller and Rockwell (1995) mapped a 22-km segment of Holocene obliquedextral rupture along the Laguna Salada fault in northern Baja California (Fig. 1) ; they also documented a small component of normal rupture on the nearby northeast-striking Canon Rojo fault. Based on the observed rupture length and scarps with 3-4 m of vertical displacement, Mueller and Rockwell (1995) estimated a moment magnitude of 7.1. They noted that slip might have extended an additional 10 km farther south; the rupture might also have extended farther north, into an area that is covered by young sand dunes.
The M w estimate of 7.1 was thus considered a lower bound. Based on scarp degradation relationships, they further estimated that the earthquake occurred within the past 100-200 yr. They associated the rupture with the known historic event on 23 February 1892, which had been previously estimated to be located farther west (Toppozada et al., 1981) .
In an exhaustive archival search, Strand (1980) compiled nearly 100 original accounts of the earthquake, primarily from newspaper accounts but also from other sources such as letters. Strand (1980) also compiled accounts from one foreshock and several of the larger aftershocks. In this study we focus on only the mainshock. In his study, Strand (1980) interpreted these accounts to obtain modified Mercalli intensity (MMI) values (Table 1) . In his interpretations he followed the scheme of Brazee (1979) , who compiled lists of detailed indicators for each MMI level. In his interpretation, Strand (1980) generally assigned MMI values based on the indicator(s) that corresponded to the highest intensity level. For example, an MMI value of VI was assigned to Los Angeles (34:03Њ N, 118:15Њ W) based on accounts that described only modest objective effects, such as the swaying of chandeliers, but also alarm and nausea on the part of some observers. Strand (1980) also assigned a number of high MMI values (VIII‫)ם‬ based on accounts that described rockfalls, liquefaction, changes in water level, and so on. Many of these accounts were from remote desert regions in and around the Salton Trough, where no (or very few) buildings existed at the time. For example, at Storm Canyon (32:55Њ N, 116:26Њ W) an account described rockfalls and the drying up of a small spring; MMI VII‫ם‬ was assigned to this account. Strand's (1980) interpretations differ from the current practice of intensity determinations in two critical respects. First, especially in modern analyses, such as those implemented by the U.S. Geological Survey Community Internet Intensity Mapping project (Wald et al., 1999) , MMI values are assigned based on the overall effects at a location rather than the most severe reported effects. Hough et al. (2000) argued that this approach is especially important to avoid overemphasis of subjective human response (people frightened, etc.) during large regional earthquakes, for which shaking can be dramatic even when damage is very low.
A second difference between our approach and that of Strand (1980) reflects the growing awareness that certain indicators do not reflect reliably the level of shaking at a site. Such indicators include rockfalls, liquefaction, and waterlevel changes in wells (e.g., Ambraseys and Bilham, 2003) . Formerly, for example, liquefaction was sufficient to assign MMI values of at least VIII, whereas recent studies have documented liquefaction in earthquakes as small as M 3.5, for which MMI cannot have been above perhaps V (Musson, 1998) . The distribution of rockfalls will moreover largely correspond to the distribution of rocks, some of which will fall in response to low levels of shaking (as, in fact, some rockfalls occur in the absence of shaking). Unfortunately, because northern Baja California was so sparsely populated in 1892, many of the relatively close-in accounts do not include any information about damage to structures. We were thus able to assign intensity values for only 74 of the 98 locations at which intensities were assigned by Strand (1980) ; we also assign not-felt values for three locations at which it was reported that the earthquake was not felt. These 77 values provide reasonably good coverage of the intensity field throughout southern California (Fig. 2) . Figure 2 also indicates locations at which landslides and rockfalls were observed; we will discuss these results in a later section.
The isoseismal contours shown in Figure 2 were calculated by the gridding algorithm used in the surface utility of the Generic Mapping Tools (Wessel and Smith, 1991) . This algorithm uses a tension factor, T, to control the degree of curvature. The minimum curvature solution, T ‫ס‬ 0, can generate unrealistic oscillations, while T ‫ס‬ 1 will generate a solution with no maxima or minima away from control points. Here we use T ‫ס‬ 0.5, which allows the algorithm to find a maximum in the near-field region. As shown in Figure  2 , the global maximum is found to be at the southern end of the Laguna Salada rupture as mapped by Mueller and Rockwell (1995 Interpretation Bakun and Wentworth [1997] presented a method (hereafter BW97) to determine magnitude from the distance decay of MMI values for earthquakes in western North America. This method estimates an optimal magnitude and location using observed MMI values as a function of distance and calibrations established from instrumentally recorded earthquakes in western North America. The method has been well calibrated by MMI data from a number of recent large earthquakes in California. BW97 is not a spatial contouring algorithm, but instead essentially collapses the problem to a two-dimensional regression of intensity versus distance, given established attenuation calibrations.
We first apply BW97 using the 77 reinterpreted MMI values listed in Table 1 . This yields an optimal magnitude value of 7.2 and an optimal location at 32.73Њ N, 115.50Њ W (Fig. 3a) . Interestingly, although the intensity distribution is constrained at only a few points to the south of the epicentral region, this location is very close to the northern end of the rupture mapped by Mueller and Rockwell (1995) . The location is also within 15 km of the MMI intensity obtained using the contouring algorithm. Given the uncertainties, we do not ascribe any significance to the exact coordinates of the optimal location, specifically its location at the northern end of the mapped surface rupture.
One generally encounters a strong trade-off between location and magnitude when an intensity data set is strongly one sided; in this case most of the intensity values are from only the northwest quadrant. However, while only a handful of data values are available to the south of the (inferred) source location, these values apparently do provide significant constraint. To explore the extent to which the optimal solution depends on the sparse available data to the south/southeast of the inferred epicenter, we recalculated the solution after deleting one or more of the MMI values to the south/southeast. If we delete individual values from Cerro Prieto, Ensenada, and El Alamo, or all three of these values together, all of the solutions are within the root mean square (rms) ‫ס‬ 0.2 contour shown in Figure 3a . The one data point from Yuma, however, provides a much more important constraint. If this one data point is removed, the optimal solution shifts to 32.77Њ N, 114.74Њ W, coincidentally very close to the location of Yuma. The optimal magnitude increases to 7.7. While one would like to have additional data points to help constrain the solution, the city of Yuma was relatively well populated, with a population of 2671 according to the 1890 census. The effects of the earthquake in Yuma were also documented by multiple accounts, all of which reveal that, while no damage occurred, the shaking was strongly felt. If we recalculate the optimal solution using an intensity value of 4 instead of the preferred value of 5, the optimal location shifts by only about 10 km.
If we artificially impose high MMI values along the mapped trace of the Laguna Salada rupture, the optimal location shifts only slightly, to 32.41Њ N, 115.64Њ W (Fig. 3b) . The optimal value depends on the assigned near-field MMI values: assigning values of 9 raises the M w estimate only slightly, to 7.3. The extent to which historic earthquake observations can be calibrated with observations from modern events depends on the extent to which intensities have been assigned consistently for the historic and modern earthquakes. As noted, the practice of intensity assignments can vary between different individuals, and general practice has evolved somewhat over time. However, apart from detailed analysis of the intensities, a simple comparison of the 1892 intensity distribution with that from the 1992 M w 7.3 Landers earthquake is illuminating (Fig. 4) . We find that the overall shaking pattern is similar to that of the more recent earthquake, although the overall felt area of the Laguna Salada event appears to be somewhat smaller. The smaller felt area of the Laguna Salada earthquake might have been a consequence of the sparse population density, but southern Arizona was relatively well populated at the time. The 1887 Sonora, Mexico, earthquake was documented at dozens of locations in southern and central Arizona (DuBois and Smith, 1980) . Moreover, it appears that news from southern Arizona reached the east coast more efficiently than did news from California at this time: the 1887 event received far more coverage in the New York Times than did the 1892 event. We thus settle on M w 7.2 as our preferred estimate for the 1892 event. Given the sparse intensity data, this value is probably constrained to at best ‫.2.0ע‬
To characterize the distance decay of MMI values from the Laguna Salada earthquake we use a least-squares regression to fit the observed values to the equation
where A, B, and C are constants and r is epicentral distance. The optimal curve (A ‫ס‬ 12.8, B ‫ס‬ 0.0039, C ‫ס‬ 3.0) is shown in Figure 4 . The open circles along this curve correspond to the rockfall locations shown in Figure 1 . At some of these locations we are not able to estimate MMI values, whereas estimated values at other locations are relatively poorly constrained. The circles thus indicate estimated shaking intensity levels at locations at which rockfalls were observed. Although preliminary, these results suggest that rockfalls are typically generated by shaking levels of MMI VI and higher.
Fitting equation (1) to the Landers MMI values, we obtain A, B, and C values of 12.6, 0.00006, and 3.47, respectively. Although these values, and the curve shown in Figure  4 , differ from those obtained for the Laguna Salada earthquake, Figure 4 reveals that the distance decay of the curve for the Landers earthquake is strongly controlled by weakly felt reports at large (900-1200 km) distance. The lack of similar values for the Laguna Salada earthquake might re- flect either the slightly smaller size of the event or its more sparse data set.
The intensity distributions of the 1892 and 1992 earthquakes reveal elongation of contours to the northwest-southeast; a similar pattern was observed for the 1999 Hector Mine earthquake (see the archives of http://pasadena.wr. usgs.gov/shake/ca/index.html). This pattern is suggestive of rupture directivity for the Landers and Laguna Salada earthquakes. The former event is known to have had strong alongstrike directivity, and the latter event could have also rup-tured toward the north-northwest. However, the Hector Mine rupture was largely bilateral and was not associated with strong directivity. We speculate that the similar pattern may in part reflect more efficient wave propagation in the direction of the regional tectonic fabric.
Large-scale anisotropy of wave propagation has been suggested and/or observed in previous studies. Kennett (1984) demonstrated that the development of higher-mode crustal surface waves is affected by large-scale crustal structure. This work was developed in subsequent theoretical studies (e.g., Kennett, 1986) and confirmed in observational investigations of Lg propagation (e.g., Hough et al., 1989; Baumgardt, 1990; Wald and Heaton, 1991; McNamara et al., 1996) . In northern Baja California and southern California, the prevailing southeast-northwest trend of major batholiths and other structures is thus expected to be associated with especially efficient regional wave propagation. Lg propagation would be less efficient to the northeast of the mainshock, in which direction surface wave development would be impeded by large-scale crustal heterogeneity, including the presence of large sedimentary basins. As a rule, large sedimentary basins are associated with the amplification of ground motions, but where such basins interfere with the development of higher-mode surface waves, the result will be stronger apparent attenuation.
Conclusions
The results presented in this brief study show that a reinterpretation of the intensity data from the 1892 earthquake yields a magnitude estimate significantly below that previously inferred from the same felt reports considered in this study. Our preferred estimate, M w 7.2, is very close to the value estimated based on the length of the Laguna Salada rupture (Mueller and Rockwell, 1995) .
The earthquake thus appears to be similar in magnitude to the recent 1992 Landers and 1999 Hector Mine earthquakes. Combining this result with the reinterpreted magnitudes for the 1811-1812 New Madrid earthquakes (Hough et al., 2000) , one finds the 1857 Fort Tejon and 1906 San Francisco earthquakes to be nearly in a class by themselves among (crustal) events in the contiguous United States, with the 1872 Owens Valley earthquake (estimated M w 7.6) third on the list.
Even without reliable intensity observations for the epicentral region, the macroseismic effects are sufficiently dense to yield an optimal location in northern Baja California, very close to the Holocene surface rupture mapped by Mueller and Rockwell (1995) . Our results are based on an intensity distribution that is largely one sided, so the intensities alone are not sufficient to constrain the location precisely. However, even the sparse data to the south and southeast represent an improvement over the situation with many important historic earthquakes (those along coastlines, as well as the 1811-1812 New Madrid sequence), for which the intensity distributions are entirely one sided. Our results thus corroborate the earlier association of the Laguna Salada rupture with the 1892 earthquake, as well as the Mueller and Rockwell (1995) estimate of magnitude.
In our study we have used two approaches to identify the location of an earthquake from an intensity distribution: that of Bakun and Wentworth (1997) and a simple contouring algorithm. In this case the results are found to be extremely consistent. In general we anticipate that the two methods might be complementary, as the former method incorporates attenuation based on observations, while the latter considers the two-dimensional distribution of data.
